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ABSTRACT 



Flow visualization results are presented which were 
obtained in a curved channel with mild curvature and 40 to 1 
aspect ratio. Inside channel dimensions are 1. 27 cm x 50. 80 
cm. For Dean numbers from 60 to 200 and angular positions 
from 85^ to 175^ measured from the start of curvature^ video 
movies and photographic sequences of patterns in 
spanwise/r adial planes show unsteady Dean vortex pair 
behavior. In particular^ information is provided on 
mechanisms by which vortex pairs appear and disappear. 

Videos and still photographs of visualized flow in a 
straight channel with 40 to 1 aspect ratio and imposed bulk 
flow unsteadiness show different stages of transition^ 
including: (1) three-dimensional Tol Imien -Schl ichting waves^ 
<2) Lambda waves, (3) Lambda vortices, <4) vortex type 
motion, <5) turbulent spots and <6) fully turbulent flow. 
Instantaneous velocity traces from hot-wire probes are 
presented for Reynolds numbers from 1400 to 8400 and Strouhal 
numbers from 0. 004 to O. 047. These data, without 
unsteadiness, show that transition occurs at a Reynolds 
number of approximately 3000. With imposed sinusoidal 
unsteadiness at a Strouhal number of O. 028 and 7X peak to 
peak amplitude (relative to the mean velocity), transition 
occurs at a Reynolds number of approximately 2300. 
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I. INTRODUCTION 



A. BACKGROUND 

Flow visualization studies are conducted in two different 
facilities: <1) a curved rectangular channel with 40 to 1 
aspect ratio and <2) a straight rectangular channel with 40 
to 1 aspect ratio and imposed bulk flow unsteadiness. 

1. Curved Channel Flow 

The 40 to 1 aspect ratio curved channel is used to 
study and visualize Dean vortex flow. Other flow 
visualization studies in the same facility are described by 
Bella [Ref. 13, Niver CRef. 23 and Baun CRef. 33. The flow 
visualization experiments undertaken here are intended to 
provide additional information on the time variation of the 
flow. Photograph sequences are obtained to show the detailed 
timewise development of vortex pairs. 

To obtain these sequences, a video camera is used to 
photograph the flow in the curved channel and still 
photographs of the individual video frames are then taken. 
Using this technique, sequences of photographs are obtained 
spaced 1/30 second apart. The flow is contaminated, such 
that it may be visualized, by burning hickory and mesquite 
wood chips in the same smoke generator used by Niver CRef. 
23. The flow visualization experiments conducted are for a 
range of Dean numbers < De ) from 60 to 200 and for a range of 
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angular positions from 85^ to 175^ measured from the start of 



curvature. 

2* Straight Channel Flow with Imposed Unsteadiness 

No experiments have been undertaken so far to study 
effects of periodic unsteadiness on laminar /turbulent 

transition in a 40 to 1 aspect ratio straight channel 
<Ligrani and Subramanian CRef. 43). Numerical simulation 

results are given by Singer^ Ferziger and Reed CRef. 53. 
These results indicate that imposed sinusoidal flow 
oscillations provide a stabilizing effect at all but very low 
frequencies in plane channel flow at a mean Reynolds number 
(Re) of 5000. At moderately low frequencies, oscillations in 
the channel can initiate nonlinear effects which trigger 
transition in flow regimes where the steady flow remains 
laminar . 

Prior to the flow visualization, the straight channel 
was assembled and made operational. The device used to 

impose periodic unsteadiness was also qualified from 
instantaneous velocity traces measured using a hot-wire 
probe. This probe was inserted into the sidewall of the 
channel upstream of the unsteady device. Mass flow rate is 
determined from the pressure difference across a 1.5 inch 
orifice plate inserted in the piping between the exit plenum 
and blower. 

Flow visualization experiments are undertaken 
utilizing the same video techniques used for the curved 



o 



channel . 



Flow ±B viBualiced UBing the smoke wire technique 



described by Siedband CRef. 63. The flow visualization 
experiments conducted are for a range of Reynolds numbers 
from 1400 to 8400 and for a range of Strouhal numbers (Str) 
from O. 004 to O. 047. 

B. OBJECTIVES 

The objectives of this thesis are: 

1. To provide photographic documentation of the timewise 
development of flow structure at 1/30 second intervale in a 
40 to 1 aspect ratio curved channel over a range of Dean 
numbers and streamwise positions. 

2. To provide photographic evidence of flow development 
in a 40 to 1 aspect ratio straight channel with imposed bulk 
flow unsteadiness over a range of channel Reynolds numbers 
and Strouhal numbers. 

C. ORGANIZATION 

Subsequent to this intr oduct ion^ Chapter II discusses 
experimental facilities. Chapter III discusses experimental 
procedures for the curved channel and the straight channel. 
Here^ channel operation^ the smoke generator^ and flow 
visualization techniques are described. Chapter IV details 
the flow visualization results obtained from the curved 
channel and straight channel. Chapter V gives a summary and 
conclusions. 
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II. 



EXPERIMENTAL FACILITIES 



A. CURVED CHANNEL 

The 40 to 1 aspect ratio curved channel is located in the 
laboratories oi the Department of Mechanical Engineering of 
the Naval Postgraduate School. A schematic and a photograph 
are shown in Figs. 1 and 2^ respectfully. As discussed by 
Ligrani and Niver [Ref. 7], the curved channel is designed 
and constructed especially for flow visualization. The 
inside dimensions and cross-sectional area of the channel are 
the same along its entire 6. 77 m length. Side wall^ 
longitudinal^ and cross-bearn supports are used to support the 
upper and lower walls so that the inside dimensions and their 
tolerances at any streamwise location are 1.27 ± 0.015 cm for 
the height and 50. 80 ± 0. 05 cm for the width. The facility 
was constructed by McNeal Enterprises, Inc. of Santa Clara, 
California. 

The lip at the channel inlet is constructed of quarter 
circumf erence sections of 15.2 cm outside diameter pipe. 
Following this is the 25. 4 cm X 50. 8 cm rectangular inlet 
section for flow management, consisting of a honeycomb 
followed by three screens stretched across the cross section. 
Following the last screen is a 20 to 1 contraction ratio 
nozzle, whose contour is given by a fifth-order polynomial. 
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After the nozzle^ flow enters the 40 to 1 aspect ratio 
channel. The first part is a 2.44 m long straight duct. 
After the straight channel^ the flow enters the curved test 
section. The concave interior duct surface (as the flow sees 
it) has a radius of curvature of 60.96 cm and the convex 
surface has a radius of curvature of 59. 69 cm. At the end of 
the curved portion of the channel^ the air enters another 
2. 44 m long straight duct. At the exit are four screens and 
a honeycomb used to isolate the channel flow from any spatial 
nonuniformities in the outlet plenum. A 45. 7 cm long 
diffuser^ having a total angle of 3^, is also used to provide 
some pressure recovery just prior the exit plenum. 

The blower /piping system attached to plenum 1 is 
connected to a blower (see Fig. 1), which is an ICG 
Industries lOP type. This blower produces 10.2 cm of water 
vacuum at 4. 82 m^ /min volumetric flow rate. Plenum 2 is used 
to mate the 14. O cm diameter blower inlet to piping without 
significant pressure losses^ and additionally helps isolate 
the channel from unsteadiness caused by the blower impeller . 
Dean numbers between 20 and 220 are obtained using this 
blower /piping arrangement. 

Flow rate changes are made by throttling valve 1 just 
upstream of plenum 2 (see Fig. 1) while bypass valve 2 is 
kept fully open. Any flow rate or Dean number is set by 
referring to the pressure drop across an ASME standard 1.5 
inch orifice plate. 
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Additional details and description of the transparent 
curved channel are given by Ligrani and Niver CRef. 73 and 
Niver [Ref. 23. 

B. STRAIGHT CHANNEL 
1. Channel 

The 40 to 1 aspect ratio straight channel is located 
in the laboratories of the Department of Mechanical 
Engineering of the Naval Postgraduate School. A schematic 
drawing is shown in Fig. 3, with photographs shown in Figs. 
4-6. As discussed by Ligrani and Subramanian CRef. 43^ the 
channel is made of O. 635 cm thick plexiglass with a straight 
section 4.27 m (14 f t ) in length, with inside dimensions of 
1.27 cm in height and 50.80 cm in width. It is supported by 
ribs and cross beams along its length. Three longitudinal 
(in the direction of the airflow) ribs made of 1.27 cm x 1.27 
cm polycarbonate are placed along the length of the channel 
on the sides. The side walls are removable in order to gain 
access to the inside of the channel. The facility was 
constructed by Jay-Edmund Enterprises of Sandpoint, Idaho. 

The lip at the channel inlet is constructed of half 
circumference sections of 15. 24 cm outside diameter pipe. 
The lip is attached to a 25. 4 cm x 50. 80 cm rectangular inlet 
section with flanges, which is 15. 24 cm in length to house a 
honeycomb assembly. This is followed by three 1.27 cm x 
50. 80 cm frames with flanges, 10. 16 cm in length each. 
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Screens are stretched across the cross section between these 



three frames. Following the last screen is a 20 to 1 
contraction ratio nozzle^ whose contour is given by a fifth 
order polynomial. 

At the exit of the 4. 27 m long test section are 10. 16 
cm long frames with flanges for screens^ honeycomb and the 
unsteady device. Next^ a two-dimensional diffuser 45. 72 cm 
long with 3.0^ total angle is located just upstream of the 
plenum chamber. The plenum chamber inside dimensions are 
60. 96 cm X 60. 96 cm x 60. 96 cm. It is made of O. 9525 cm 
thick acrylic except for the one removable wall which is 1.27 
cm thick. In order to meter the flow^ a 1.5 inch orifice 
plate assembly between the plenum chamber and the blower is 
installed. A 5 H. P. blower is employed to induct flow into 
the channel by depressurizing the plenum below atmospheric 
pressure . 

The channel is designed such that transition occurs 
after the laminar flow is fully developed. Initial flow 
development length is minimized since the overall length of 
the test section is restricted by physical space limitations. 
For a channel Reynolds number of 2741^ the flow becomes fully 
developed after 1.524 m of development length measured from 
the exit of the inlet nozzle < Reynolds number is based on 
channel width and mean velocity). For these conditions^ 
64. 37. of the test section is then fully developed. This 
fully developed region is then used to study the variation of 
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the transition zone either as Reynolds number or flow 



disturbance level is varied. 

2. Unsteady Device 

The most important design aspect of any unsteady 
device is the production of controlled deterministic and 
periodic unsteadiness without additional flow disturbances. 
To achieve this in an open circuit induction channel, the 
unsteady device is best located just downstream of the test 
section. This way, wakes and other flow disturbances from 
the unsteady device are not convected into the test section. 

The present design is shown in Fig. 7, and is based 
on a design described by Miller and Fejer CRef. 6]. A 
photograph of the present device is shown in Fig. 8. Since 
the depth of the channel is only 1.27 cm, a single rotating 
vane is used to introduce the required unsteadiness into the 
flow. The vane is driven through a spur gear train by a DC 
stepper motor. The frequency of the imposed oscillations is 
controlled by varying the vane rotation rate; the amplitude 
of the imposed unsteadiness is altered by using different 
vane widths. The vane in Fig. 7 is made of a . 3175 cm thick 
brass strip with rounded edges, and spans the entire width of 
the channel. The vane is supported at the ends by a .3175 cm 
diameter shaft and bushings that are fitted to the side walls 
of the frame. One end of the shaft is extended to 
accommodate a 48 TPI (Threads Per Inch) spur gear. This gear 
is driven by a driver spur gear with 12 TPI, which is mounted 
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on the Superior Electric^ M0S2-FD310 Stepper Motor ehaft. A 



photograph of the unsteady device alongside the TT^otor is 
shown in Fi^. 9- The unsteady device fully assembled and 
installed in the channel is shown in Fig* 10* Fig* 11 shows 
a photograph of the controller and drive system. 



a 



III. 



EXPERIMENTAL PROCEDURES 



A. CURVED CHANNEL 

The procedures used to set-up the curved channel and 
obtain flow visualisation videos and photographs are now 
descr ibed. 

1. Channel Operation 

The first step is to choose a Dean nuTTiber at which 
the flow visualisation results are to be obtained. Once the 
Dean number is chosen, the pressure drop across the 1.5 inch 
orifice plate, used to meter the flow, is estimated using a 
plot of pressure drop vs. Dean number from, Niver CRef. 2: p. 
33]. Valve 1 (Fig. 1) is then adjusted until this estimated 
pressure drop is read on the Merian SC-1213 manometer. The 
actual reading from the manometer is then entered into the 
computer program "DEAM15" contained in a Hewlett Packard HP 
9000 Series computer. The true value of the Dean number is 
subsequent 1 y calcu 1 at ed by the program, taking into account 
ASME flow coefficients as well as the ambient temperature to 
calculate air density. If the Dean number is not close 
enough to the one desired, the procedure is repeated. With 
the appropriate flow rate in the curved channel, flow 
visualisation experiments are begun. 
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2 



Smoke Generator 



The smoke generator used is described by Morrison 
CRef. 9], Niver CRef. 2] and Ligrani and Niver CRef* 73. A 
schematic is shown in Fig. 12. Smoke is produced by burning 
Hickory and Mesquite wood chips in a 7. 6 cm diameter, 40. 6 cm 
long vertical steel pipe. Combustion is initiated by 
energizing a nichrome wire heating coil at the bottom of the 
column of wood chips. The mixture of Hickory and Mesquite 
produces dense, white smoke, easily visible against the dark 
background paper used to line the outside of the channel 
convex surface. The smoke exits the steel pipe and passes 
into a large glass Jar which is followed by a cooling system 
consisting of two colled tubes surrounded by flowing water. 
The jar collects combustion particles and water vapor after 
they are separated from the smoke in the cooling system 
located above. The smoke then passed into a rubber hose and 
then to a smoke rake located at the inlet to the curved 
channel. This rake provides steady, laminar jets of smoke as 
It is directed into the channel inlet. A low pressure air 
stream is provided into the steel pipe for combustion and to 
force the smoke through the system. 

With the generator, smoke is produced for as long as 
ten minutes. The best results are obtained when just enough 
smoke is produced to fill the lower half of the nozzle at the 
channel inlet. The smoke is dense, cool, and in sufficient 
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quantity to permit detailed observations of the flow 
structures under study. 

3. Flow Visualization 

a. Video Procedures 

( 1 ) Camera. The video camera used for flow 

visualization is the Sony DXC-M3 with FuJinon-TV*2 1:1.7/10- 
140 mm DCL-914BY zoom lens connected to a Sony VO-6800 
portable videocasset t e recorder and Sony CMA-8 camera 
adapter. This video camera is used because of its ability to 
image 30 frames per second. Camera position is shown in Fig. 
13. For beet results^ the gain of the camera is set at 9 and 
filter number 1 is used. The lens is set to the macro 

setting for focusing. Sony KCS20BR v ideocaesett e tape is 
used for the flow visualization videos. The video earner a is 
mounted on a Fairchild Camera L Instruments Corporation 
(Industrial Products Division) Model HS2511 tripod for 
stability and to maintain focus. As shown in Fig. 13, the 
video camera is oriented with its viewing direction at an 
angle of about 90*^ with respect to the direction of the light 
source. With this orientation^ the camera views the flow as 
it moves away from the observer. Flow visualization patterns 
are recorded for one full minute for each experimental 
condition . 

(2) Lighting. A General Radio Type 1531-A 

Strobatac strobe light is used to illuminate the flow as 
visual observations and photography are undertaken. If the 
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video camera and etrobe rate are not at the same frequency^ a 



moving line will appear on the video viewing screen. To make 
this line disappear, a strobe rate of approximately 3600 
flashes per minute is used. The strobe is mounted near the 
center of curvature of the channel walls with a Rodenstock 
XR-Heligon collumator lens having a 75 mm focal length 
located just in front, as indicated by Fig. 13. The lens and 
strobe are adjusted so that light is in focus on a 2 mm x 
46.0 mm slit located 5 cm off the channel centerline on a 
liner on the outside of the convex part of the curved channel 
surface. This dark colored liner minimices reflections and 
stray light. The strobe and lens assembly is mounted so that 
it can be pivoted and clamped to illuminate any angular 
position on the curved test section. With this system, a 
well collumated light sheet is produced for visualization and 
photography in spanwiee/r adial planes at any one of a variety 
of angular positions spaced 5*^ apart from to 185*^. This 
strobe light orientation system is the same one used by 
Ligrani and Niver CRef. 71. 

b. Still Photography Procedures 

( 1 > Video Playback. Once the flow 
visualization is video taped, it is played back on a Sony 
VO-5800 videocassette recorder connected to a Sony PVM-1910 
Trinitron color video monitor. The Sony VO-5800 
videocassett e recorder has a scanning feature which allows 
viewing in a number of modes including fast/slov forward. 
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fast/elow reverse, or stop frame viewing. This last mode is 
used for the still photography. With this feature, it is 
possible to view individual video visualization photographs 
which are spaced 1/30 second apart. 

<2) Camera. A Nikon F-3 SLR camera body with 
attached 55 mm, f2. 8 lens is used for the still photography. 
The camera is mounted on a tripod for stability and to 
maintain proper focus, and positioned approximately 50. 8 cm 
from the TV screen. The camera is focused on the stopped 
frame image appearing on the screen as shown in Fig. 14 which 
illustrates the still photography set-up. 

(3) Lighting. For the still photographs the 
video playback equipment and still earner a are set up in a 
roor: without any natural light source. All artificial light 
sources are turned off so that all lighting is provided from 
the TV screen wit^i the brightness turned down all the way. 
T o choose the cor r ect earner a settings for the still 
photography, a test roll of Kodak Tri-X pan, 400 ASA film was 
then taken for camera f-stop settings from 2. 8 to 8 and 
camera speeds from 1/2 to 1/30 of a second. From these 
tests, the optimal camera f-stop and speed were found to be 
f 5. 6 and 1/8 second, respectively. 
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B 



STRAIGHT CHANNEL 



The* procedures used to eet-up and qualify the straight 
channel and obtain flow visualisation videos and photographs 
are listed as follows: <1) calibrate the system for 
determining mass flow rate and velocity through the channel, 
(2) measure instantaneous velocity traces using a single 
hot-wire probe, <3) utilise a smoke wire and <4) perform flow 
visualisation experiments. 

1. Mass Flow Rate and Mean Velocity 

a. Measurement 

Mass flow rate through the channel is determined 
from measuring the pressure difference across a 1.5 inch 
orifice plate. The computer program '’DEAN15’’ is used to 
calculate the mass flow rate from the measured pressure drop 
across the or ifice plate. Flow rate is altered by adjusting 
the valve downstream of the orifice plate < see Fig. 3>. 

b. Calibration 

Figs. 15-17 show plots of mass flow rate, 
velocity and Reynolds number versus or if i ce pressure drop, 
delta P, for delta P less than 2.25 inches of water. Figs. 
18-20 show plots of the same quantities versus orifice delta 
P for delta P values greater than 2.25 inches of water. Figs. 
21-23 show plots of mass flow rate, velocity and Reynolds 
number versus plenum delta P for two runs with a 1.5 inch 
orifice plate and one run with a 1 inch orifice plate. The 
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data from these three sets of test agree, which validates the 



eMperimental procedures employed. 

2. Instantaneous Velocity Traces 

a. Hot-Wire Probe 

A DANTEC Electronics Inc. 55 P51 probe is 

employed. Sensor diameter is 5. O pm and sensor length is 
about 2. O mm. For measurements, the probe is placed 

approximately 3. 791 m from the beginning of the test section 
<x/d = 298.5, where >: is measured from the noz^ile exit). At 

this streamwise location, the probe is 8. 255 cm from the left 
inside wall of the channel (looking downstream), as shown in 
Figs. 24 and 25. 

b. Hot-Wire Probe Operation and Calibration 

A DISA 55 MIO constant temperature bridge is used 
to operate the hot-wire. The connecting cable resistance is 
compensated using the cero ohms adjustment on the bridge when 
the probe is connected tc a shorting plug. The probe cold 
resistance is then measured on the decade counter. For 
operation, the hot resistance is then set using an overheat 
ratio of 1.6. 

A DANTEC Model 56 N20 signal conditioner is used 
to DC couple, amplify, and low-pass filter bridge voltage 
outputs. During measurements, the low-pass filter is set to 
10 kHc, the high-pass filter is set to DC, and the gain is 
set to 1. A photograph of the bridge and signal conditioner 
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along with the vane motor drive and controller is shown in 
Fig. 26. 

The hot-wire is calibrated in the channel. 
Voltages from the hot-wire bridge are measured using a 8050A 
digital multimeter connected to the signal conditioner. 
These voltages and corresponding velocities are recorded as 
the flow velocity is varied^ and then entered into the 
computer program '’HWCAL'* to obtain calibration coefficients. 
These coefficients are subsequently entered into the computer 
program 0__SC0PE1 which determines instantaneous velocity 
variations and plots the results. 

c. Instantaneous Velocity Measurement 

The output from the signal conditioner is sent to 
a HP 6944 mul t iprog rammer /high speed data acquisition sy stem. 
Data is collected by the high speed acquisition system using 
the HP 9000 Series computer and the computer program 
"HOTWIRE!''. The same signal from the signal conditioner is 
also fed into a BK Precision Osci 1 loscope. The high speed 
acquisition system is shown in Fig. 27. 

3- Smoke Wire System 

A smoke wire is used to visualize flow patterns in 
the straight channel. The wire was located at y/d values of 
O. 00, '*‘0. 84 and -O. 84, stretched across the channel in the 
transverse direction, where y is measured from the center of 
the channel height. The wire was located just upstream of 
the previous position of the hot wire probe 3. 499 rr from the 
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exit of the nozzle <x/d 



275. 5) . 



Thie was chosen to obtain 



flow visualization results for x/d from 295. O to 309. 3 and 
z/d from -17.24 to -*-1.65. Here^ z is measured from the 
center plane of the channel span (right is positive looking 
downstream), to give the same approximate streamwise location 
as the hot-wire probe surveys. 

For the flow visualization, the nichrome wire (smoke 
wire) is coated with paraffin based oil. The smoke-wire is 
connected to an A/C-D/C voltage adapter, which, when 
energized, sends current through the wire to produce a sheet 
of smoke which is convected downstream in the channel. 
Voltage is applied to the wire by means of a Calrad 45-740 
<0-130 VAC) variac set at 55 VAC. Energizing the wire is 
accomplished by pulsing the "Momentary On" switch of the A/C- 
D/C voltage adapter. The smoke wire equipment used in this 
study is shown in the photograph of Fig. 28. 

The wire penetrates the side wall of the channel 
through a 1 . O^^ cm diameter hole, located 76.8 cm upstream 
from the end of the straight test section. Using this hole, 
the wire can be moved to y/d locations from *»'0. 84 to -O. 84, 
where y is measured from the center of the channel. Air 
leakage is prevented by using modeling clay or a small cork 
to fill in the holes around the wire. 

4. Flow Visualization 

The video camera used for flow visualization in the 
straight channel is the same one used for flow visualization 
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in the curved channel. The camera ie positioned about 80 cm 
above the straight channel on a tripod. The lens macro 
setting was not used . The lens was f ocused on the straight 
channel in the area where the hot-wire probe had been 
previously placed (the hot-wire probe is not introduced into 
the channel during flow visualization). The same video 
system gain and filter settings as the curved channel videos 
are used for the straight channel work. Maxell KCS20BQ 
videocassette tape is used for the flow visualization videos. 

Lighting is provided by two Berkey ColorTran 
Multibeam Model LOF-6 650W lights placed approximately 
1.016 m on either side of the channel and at the same height 
as the channel. The bottom of the channel is lined with 
black paper to provide a contrasting background for the white 
smoI;t generated from the smoke wire. To obtain the best 
possible videos, stray light is blocked off as much as 
possible from the camera^s field of view. Figs. 29(a) and 
29(b) show schematics of the location of the camera and 
lighting for the straight channel. 

The photographic procedures used to obtain the still 
photographs are the same as used for the curved channel work. 
The Nikon F-3 SLR camera was positioned approximately 65. 1 cm 
from the TV screen. Kodak Tri-X pan, 400 ASA film was used 
with optimal camera f-stcp and speed settings of f4 and 1/4 
second, respectively. 
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IV 



EXPERIMENTAL RESULTS 



A. FLOW VISUALIZATION IN A CURVED CHANNEL 



Flew visual 


icati 


on results for 


the 40 


to 1 


aspect ratio 


curved channel 


are 


now presented. 


In 


each 


sequence of 


photographs in 


Figs 


. 30 through 45, 


time 


increases from top 



to bottom. 


Each 


separate 


photograph 


in 


the sequence 


shows 


the convex 


surf 


ace of the 


channel at 


the 


top and the concave 


surface at 


the 


bottom . 


The span 


wise 


extent of 


each 



photograph ±b approximately 46 mm and the vertical extent of 
each photograph ic 12.7 mrr. The sequences show the flow as 
it is moving away from the observer. 

Photographic results for a Dean number of 75 at angular 
positicns of 85*^ and from the start of curvature are 
shown in Figs. 30 and 31, respectfully. The time interval 
between photographs in each of these sequences is 1/10 
second. These results are discussed further by Hughes CRef. 
10 ]. 

Flow characteristics at a Dean number of 75 and 135^ 
from the start of curvature are studied because a variety of 
Dean vortex pair phenomena are observed. These include 
fairly steady Dean vortex pairs < over small time intervale), 
as well as pairs with considerable spatial unsteadiness 
resulting from vortex pair appearance and vortex pair 
disappear a. nee. 
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One mode of vortex pair disappearance is due to vortex 
cancellation 4 This occurs when a positive vortex and a 
negative vortex merge together, and then disappear* Except 
for vortex cancellation, a positive vortex does not generally 
merge with a negative vortex. Instead vortices of like sign 
generally merge together. In the flow visualization 
sequences, this is seen when a large vortex pair engulfs a 
smaller vortex pair such that one "petal" of the larger 
vortex pair surrounds the smaller pair. The smaller pair is 
then engulfed such that vortices of like sign merge 
together. Another alternative has also been observed wherein 
smaller vortex pairs are engulfed into the stem of a larger 
vortex pair. 

Figures 32 through 41 show photo sequences for a Dean 
number of 75 and an angular position 135^ from the start of 
curvature. These figures are now discussed in detail. The 
time interval between photographs in each sequence is 1/30 
second. 

Fig. 32 shows steady Dean vortex pairs with very little 
variation over the total time period. Fig. 33 shows the 
growth of a vortex pair forming from the concave wall which 
then merges with a vortex pair to its left. Fig. 34 shows a 
vortex pair which is becoming smaller and is then engulfed 
into the stem of a larger vortex pair. Fig. 35 shows the 
growth of a vortex pair which then engulfs an adjacent vortex 
pair. Fig. 3G alec shows a smaller vortex pair engulfed by a 
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portion af a larger pair. Aleo evident is the development of 
a new pair on the right-hand sides of the photographs. Fig. 
37 shows a smaller vortex pair being engulfed by the "petal" 
of a larger vortex pair. 

Fig. 36 initially shows a small vortex pair in the center 
which gets smaller and then starts to tilt to the left until 
the stem is almost horizontal. A "petal" of the larger 
vortex pair to the left then surrounds and engulfs the 
smaller vortex pair. 

Fig. 39 shows complicated phenomena wherein a vortex pair 
or some similar symmetric structure initially appears to 
split. The resulting pair on the left is then surrounded and 
engulfed by the "petal" of a larger vortex pair. The 
resulting pair on the right appears to grow into a stronger 
vortex pair which then engulfs a weaker vortex pair to its 
right . 

Fig. 40 shows a smaller vortex pair being engulfed into 
the stem of a larger vortex pair. Fig. 41 shows a vortex 
pair merging into the wall. 

Photographic results for Dean number 100 at angular 
positions of 95^^ 105^^ 145^ and 155^ are shown in Figs. 42 
through 45^ r espect f ul ly . The time interval in Figs. 42 and 
43 is 1/10 second. For Figs. 44 and 45, the time interval is 
1/30 second. These results are discussed further by Hughes 
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B. STRAIGHT CHANNEL 



Experimiental 


results 


for the straight c 


h a n n e 1 


are 


presented in two 


parte : ( 1 ) 


Instantaneous Velocity 


Traces 


and 


Unsteady Flow 


Device 


Qualification and 


(2) 


Flow 



Visual iza t ion. 

1. Instantaneous Velocity Traces and Unsteady 
Flow Device Qualification 



Instantaneous velocity 


dat 


a 


are 


presented for 


velocities from 3 m/s to 10 m/e 


and V 


ane 


spee 


ds from 0 to 1 . 5 


revolutions per second (rpe). 


Data 


are 


also 


provided for a 



vane speed of 1.0 rps for velocities from 1.7 m/s tc 4.2 rr./s. 
Tables I and II list channel mean velocity <U)^ vane rotation 
frequency^ Reynolds number < Re and Strouhal number <2tr) for 
each run. 

In Table I^ the first two numbers of the ''Run Number” 
give the appro>:imate flow velocity (in m/c) and the last two 
numbers give the vane rotation frequency (in rps, multiplied 
by 10). The value in the flow velocity position of the 
run num.ber is for the appro >:ir. ate transition point from 
lam.inar flow to turbulent flow with no imposed unsteadiness. 

In Table II, the ”V1” of the Run Number column 
indicates a vane speed of 1.0 rps. The last two numbers are 
used to designate separate data rune, but also give the 
approximate delta P (divided by 2) across the 1.5 inch 
orifice plate. 






TABLE I. EXPERIMENTAL CONDITIONS FOR 

INSTANTANEOUS VELOCITY TRACES 



Run i 


Velocity 

(b/5) 


Varie Rotation 
Freq (rps) 


RUNIO 00 


lo.oae 


0.0 


RUf^iO 05 


10.036 


0.5 


RUMO 10 


10. 026 


1.0 


RUNIO^IS 


10.026 


1.5 


RUN03 00 


8.9776 


0.0 


RUN03 05 


8.9776 


0.5 


RtM)9 10 


8.9776 


1.0 


RUN03^15 


8.9776 


1.5 


RUN08 00 


7.9898 


0.0 


RUW08 05 


7.9898 


0.5 


RIM^“10 


7.9898 


1.0 


RL}t.08J5 


7.9898 


1.5 


mmi 00 


7.0^2 


0.0 


RIK>7'05 


7.0562 


0.5 


RIW07 10 


7.0562 


1.0 


Rlf^)7j5 


7.0562 


1.5 


RUNOS (Ki 


5.8827 


0.0 


RUN08'05 


5.8827 


0.5 


RUN08“10 


5.8827 


1.0 


RUN06J5 


5.8827 


1.5 


mm 00 


4.9093 


0.0 


RDNC6"05 


4.9C'5j 


0.5 


RUN05 10 


4.9093 


1.0 


RUN05J5 


4.9093 


1.5 


RIWC^ CK) 


3.%94 


0.0 


RIM^ 05 


3.9694 


0.5 


RUN04"10 


3.%94 


1.0 


RUKC^JS 


3.%94 


1.5 


RUKT 00 


3.27 


0.0 


RUNT‘05 


3.27 


0.5 


RUNT 10 


3. 27 


1.0 


RUNTJ5 


3.27 


1.5 


RUN03 00 


3.05 


0.0 


RUN03 05 


3.05 


0.5 


RIW03 10 


3.05 


1.0 


RIK>3"15 


3.05 


1.5 



Reynolds No. Strouhal No. 



<Re) 


<Str) 


Ccwertts 


flAAi 


Nc» UristeadinesB 


Turbulent 


8444 


0.0040 


Turbulent 


8444 


0. 0080 


Turbulent 


8444 


0.0119 


Turbulent 


7576 


No UrfsteadinesB 


Turbulent 


7578 


0. 0044 


Turbulent 


7578 


0.0089 


Turbulerjt 


7578 


0.0133 


Turbulent 


6729 


No Unsteadiness 


Turbulent 


6729 


0.0050 


Turbulent 


6729 


0.0100 


Turbulent 


6729 


0.0150 


Turbulent 


5943 


No Uristeadiness 


Turbulerit 


5943 


0.0057 


Turbulent 


5943 


0.0113 


Turbulent 


5943 


0.0170 


Turbulent 


4954 


No Unstead ir»e55 


Turbulent 


4954 


0.0068 


Turbulerit 


4954 


0.0136 


Turbulent 


4954 


0.0203 


Turbulent 


4134 


No Uristeadiness 


Turbulent 


4134 


0.0081 


Turbulent 


4134 


0.0163 


Turbulent 


4134 


0.0244 


Turbulent 


3343 


No Uristeadiness 


Turbulent 


3343 


0.0101 


Turbulerit 


3343 


0.0201 


Turbulent 


3343 


0.0302 


Turbulent 


2754 


No Uristeadiness 


Laiinar 


2754 


0.0122 


Intenittent 


2754 


0.0244 


Turbulent 


2754 


0.0366 


Turbulent 


2569 


No Unsteadiness 


Laiinar 


2569 


0.0131 


Laiinar 


2569 


0.0262 


Intenittent 


2569 


0.0393 


Turbulent 
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TABLE II. EXPERIMENTAL CONDITIONS FOR 

INSTANTANEOUS VELOCITY TRACES 



Run 1 


Velocity 

(ie/e^ 


VarfC Rotation 
Freq OrpE) 


Reync‘ld5 Nc*. 
(Re) 


Strouhal Nc*. 
(Str) 


Ccffiwnt 5 


RUfA/lJS 


4.2 


1.0 


3537 


0.0190 


Turbulerit 


RUNV1J2 


A.l 


1.0 


3453 


0.0195 


Turbulent 


RUNV1_11 


3.9 


1.0 


3284 


0.0205 


Turbulefft 


RUr/Vl^lO 


3.75 


1.0 


3158 


0.0213 


Turbulerit 


RUNVl^OS 


3.55 


1.0 


2990 


0.0225 


Turbulerit 


RUrf/1,06 


3.4 


1.0 


2863 


0.0235 


Turbulerit 


RUNVl^O? 


3.1 


1.0 


2811 


0.0257 


Turbulent 


RUNV1_06 


2.9 


1.0 


2442 


0.0275 


Turbulerit 


RUKVl^OS 


2.7 


1.0 


2274 


0.0298 


Intermittert 


RWy'l_0A 


2. 45 


1.0 


2(^3 


0. 0328 


Law) mar 


RUNV1_03 


2.0 


1.0 


1684 


0.0393 


Laisinar 




1.7 


1.0 


1432 


0.0483 


Lamiriar 



ReynoldsNumber = 



Ud, 



V 



StrouhalNumber = 



V 



2nnd^ 

U 
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Figs. 46 through 55 shov graphs of instantaneous 
velocity. The same coding system used in Tables I and II for 
the "Run Number" is also used here. The time for each graph 
begins 10 seconds after the start of data collection and 
continues for 2. 5 seconds. 

Figs. 46 through 52 all show turbulent behavior for 
vane speeds of 0.0^ 0.5^ 1.0 and 1.5 rps. In Fig. 53<a)^ at 
a vane speed of O. O rps^ the flow is laminar with some 
int ermitt ency . Fig. 53<b) <0.5 rps) shows significant 
intermittent unsteadiness and turbulence which is occurring 
during the decelerating portion of each phase of the imposed 
oscillation. Figs. 53<c) and 53 < d ) (vane speeds of 1.0 and 
1.5 rps^ respectively) again shov turbulent behavior. 

Fig. 54(a) (0.0 rps) shows laminar behavior. In Fig. 
54(b) (0.5 rps), a slight sinusoidal oscillation is evident 
with some small turbulence fluctuations. In Fig. 54(c) (1.0 
rps), the flow shows significant intermittent unsteadiness 
and turbulence which seems to be occurring during s 
particular portion of the phase of the imposed oscillation. 
Fig. 54(d) (1.5 rps) shows turbulent behavior. 

Fig. 55 shows data for a vane speed of 1.0 rps and 
different flow velocities. Turbulent behavior is shown in 
Figs. 55(a) through 55(h). Fig. 55 ( i ) shows intermittent 
unsteadiness and turbulence which occurs during the 
decelerating portion of each imposed oscillation. Figs. 
55 ' J ) through 55'!^ shov sinusoidal flow oscillations with a 



or 



very small amount of turbulence. The amplitudes of these 
turbulent fluctuations increase with vane speed. 

2. Flow Visualization 

Flow visualization results for the 40 to 1 aspect 
ratio straight channel are now discussed. In each photograph 



sequence shown 


in Figs 


56 


through 


63, 


time 


increases 


from 


top to bottom. 


In 


cases 


where 


there 


are 


two sets of 


sequences 


to 


a page, 


the 


time 


begins 


at 


the top 


left 


photograph 


and 


ends at 


the 


lower 


right 


photograph . 


The 



spanwise extent of each photograph is approximately 240 mm 
and the longitudinal extent of each photograph is 
approximately 181.5 mm. The dark line at the bottom left of 
each photograph indicates the location of the hot-wire probe 
used for instantaneous velocity trace measurements. The 
probe was not in the flow as visualization sequences v;ere 
filmed. Flow is moving from the bottom of each photograph to 
the top. The time interval between photographs in each 
sequence is 1/30 second. 

Flow visualization results show a variety of 
transition phenomena including: (1> three-dimensional 
Tollmien-Schlichting waves^ <2) Lambda wavee^ (3) Lambda 
vortices^ (4) vortex type motion, <5) turbulent spots and (S) 
fully turbulent flow. 

Table III list channel mean velocity, vane rotation 
frequency, Reynolds number, Strouhal number and y/d for each 
sequence of photographs in Figs. 56 through 63. 
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TABLE III 



FLOW VISUALIZATION 
EXPERIMENTAL CONDITIONS 



Fioure i 


Velocity 

(■/5) 


Vane Rotatior« 
Free (ro5) 


Reynolds No. 
(Re) 


Strouhal No. 
(Str) 


v/d 


56 


2.B 


1.0 


3537 


0.0190 


♦0.8A 


57 


3.0 


1.0 


3A53 


0.0195 


0.00 


58 


3.1 


1.0 


328A 


0.0205 


+0.84 


59 


3.2 


1.0 


3158 


0.0213 


40.84 


60 


2.6 


1.5 


2990 


0.0225 


0.00 


61 


2.7 


1.5 


2863 


0.0235 


+0.84 


62 


2.8 


1.5 


2611 


0.0257 


+0.84 


63 


2.9 


1.5 


2442 


0.0275 


+0.84 


Figs. 


56 through 59 are photographic sequences for a 


vane rotation 


frequency of 1. 


0 rps. 


Fig. 56 


is for a flow 


velocity of 


2. 8 m/s at a 


y/d of 


-^0. 84. 


Wavy three- 


dimensional Toll mien 


-Schlichting waves 


are evident. Fig. 57 



is fax a ilow velocity of 3. 0 m/s at the center of the 
channel. Here two Lambda vortices are seen to convect 
downstream. A turbulent /laminar wave front is shown in Fig. 
58 for a flow velocity of 3. 1 m/s and a y/d of ‘*■0. 84. Fig. 
59, for a flow velocity of 3. 2 m/s at a y/d of -»^0. 84 shows 
turbulent flow with a wavy structure convecting downstream. 

Figs. 60 through 63 are photographic sequences for a 
vane rotation frequency of 1.5 rps. Fig. 60, for a flow 
velocity of 2. 6 m/s at the center height of the channel, 
shows Lambda waves and Lambda vortices convecting downstream. 
Fig. 61 is for a flow velocity of 2.7 m/s and a y/d of **-0. 84. 
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Here^ 



wavy laminar motion ie observed. 



Three-dimensional 



Tollmien-Schlichting waves are evident in Fig. 
velocity of 2. S m/e at a y/d of ^O. 84. Fig. 
velocity of 2. 9 m/s and a y/d of -*-0. 84^ shows 



62 


for a 


flow 


63, 


for a 


flow 


tur 


bulent 


flow 



including a number of a turbulent spots. 



V 



CONCLUSIONS 



A. CURVED CHANNEL 



1. V 


ideo movies and 


photographic 


in 


spanwise /radial 


planes show 


pair 


behavior. In 


particular^ 


mech 


aniems by which 


vortex pairs 



appear and disappear. 



B. STRAIGHT CHANNEL 

For the range af imposed unsteadiness that was studied in 
the straight channel, instantaneous velocity traces show that 
transition occurs at a Reynolds number of approximately 3000 
without unsteadiness . With imposed sinusoidal unsteadiness 
at a Ctrouhal number of 0. 028 and 7V, peak to peak amplitude 
^'relative to the mean velocity), transition occurs at a 
Reynolds number of approximately 2300. 

Flow visualisation results in the straight channel show 
different stages of transition, including: <1) three- 
dimensional Tollmien-Schlichting waves, (2) Lambda waves, <3) 
Lambda vorticiee, (4) vortex type motion, <5) turbulent spots 
and (S) fully turbulent flow. 
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INLET 



APPENDIX A 



FIGURES 




Figure 1. Schematic of Curved Channel Test Facility 
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Figure 3. 




Schematic of Straight Channel Test Fa 



ty 
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Figure 7. 



Schematic of Unsteady 



Device 








Figure 10. Unsteady Device Installed in Straight Channel 
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To Smoke Rake 





Figure 12. Schematic of the Smoke Generator 
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FLOW — ^ VISURL 




GO i 



I 



Figure 13. Radial -Spanwise Plane 
Flow Visualization 
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Figure 14. Schematic oi Still 
Photography Set -up 
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Figure 15- Maee Flow Rate ve. Oriiice delta P 

(for delta P < 2. 25 inches of water) 
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VELOCITY 




Figure 16. 



Velocity vs- Orifice delta P 

(for della P < 2.25 inches of water) 



4G 



3.0 4.0 5.0 6.0 7.0 0.0 9.0 10.0 11.0 12. 
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Figure 17. Reynolds Number vs. Orifice delta P 
(for delta P < 2.25 inches of water) 



47 



2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12. 

ORIFICE DELTA P, INCHES OF WATER 
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MASS FLOW 



y = 1.6665e-2 + 7.621 3e-3x - 3.5705e-4x''2 + 8.3296e-6x''3 R^2 = 1.000 




ORinCE DELTA P (Inches of water) 



Figure 18. 



Maes Flov Rate vs. Orifice delta P 
(for delta P > 2.25 inches of vater ) 
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VELOCITY (m/sec) 



VELOCITY 



y = 2.0822 + 0.95057x - 4.4430e-2x^2 + 1 .0346e>3x''3 R'^2 = 1 .000 




ORIFICE DELTA P (Inches of water) 



Figure 19, 



Velocity ve. Orifice delta P 

(for delta P > 2.25 inches of water) 
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REYNOLDS NUMBER 



REYNOLDS NUMBER 



y= 1695.0 + 773.93X- 36.179x^2 + 0.84255x'^3 R^^2 = 1.000 




ORinCE DELTA P (Inches of water) 



Figure 20. 



Reynolds Number vs. Orifice delta P 
(for delta P > 2.25 Inches of water) 
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Figure 21. Mass Flov Rate ve. 

Plenum delta P 
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Figure 22. Velocity vs. 

Plenum delta P 
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Figure 23. Reynolds Number vs. 

Plenum delta P 
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Figure 29. Video Camera and Light Source Set-up 

for Straight Channel Flow Visualization 
(a) Top Viev (b) Side View 
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RUN10_|S 190469.1434 
MERN VEL 10 25’rs^s RMSVEL .G5 15 
VMlN e.S4m/'» VMRX I2.04m>'s 




Figure 46. Instantaneous Velocity Traces (Re=8444) 
<a) No Unsteadiness (b) Str=0. 0040 
(c) Str=0.00S0 <c) Str=0.0119 
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Figure 47. InstantaneouB Velocity Traces 
(a) No Unsteadiness (b) Str= 
(c) Str=0.0089 (c) Str= 



<Re=7578 ) 
. 0044 
. 0133 
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Figure 48. Inetant aneoue Velocity Traces 
<a) No Unsteadiness <b) £tr=0 

<c) Str=0.0100 (c) Str=0 



(Re=6729) 
. 0050 
. 0150 
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Figure 49. 



Instantaneous Velocity Traces 
<a) No Unsteadiness (b) Str=0 
(c) Str=0.0113 (c> Str=0 
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Figure 50. Instantaneous Velocity Traces 
(a) No Unsteadiness (b) Str= 
(c) Str=0.013G <c) Str= 



<Re=4954 ) 
. 0068 
. 0203 
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Figure 51. Instantaneous Velocity Traces 
<a) No Unsteadiness <b) Str=C 
(c) Str=0.01£3 (c) Str=0 
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Figure 52. Inst ant aneouB Velocity Traces 
(a) No Unsteadiness <b) Str=0 
<c) Str=0.0201 (c) Str=0 
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Figure 53. Instantaneous Velocity Traces 
(a) No Unsteadiness (b) Str=0 
(c) Str=0.0244 (c) Str=0 
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Figure 54. Instantaneous Velocity Traces 
(a) No Unsteadiness <b) Str= 
(c) Str=0.0262 (c) Str= 
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Figure 
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Instantaneous Velocity Traces 
Re=3537 Str=0. 0190 (b) Re=3453 Str=C 

Re=32S4 Str=0. 0205 (d) Re=315S Str=C 
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Figure 
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APPENDIX B 



SOFTWARE DIRECTORY 

This Appendix gives a listing of the various programs 
used in this thesis. Each program listing contains a summary 
of how the program is used^ user inputs^ program outputs and 
additional features, if any. 

I. CURVED CHANNEL 



A. DEAH15 

Program to sample orifice pressure drop and calculate 
Dean number. 

user input: a> ambient pressure in inches of water. 

b> ambient temperature < or temperature 

measured by a transducer), 
program output: a) mass flow rate. 

L> orifice pressure drop. 

c) Reynolds number. 

d) Dean number. 

additional features: allows user to adjust throttle valve 

(flow rate) and then recalculates the 
Dean number. 



9G 



II. 



STRAIGHT CHANNEL 



A. DEAN15 (or DEANiO) 

Same program used for the curved channel but here it is 
used to sample orifice pressure drop and calculate mass flow 
rate^ velocity^ and Reynolds number (DEAN15 used for 1.5 inch 
orifice plate^ DEANIO used for 1.0 inch orifice plate), 
user input: a) ambient pressure in inches of water. 

b) ambient temperature (or temperature measured 
by a transducer). 

program output: a) mass flow rate. 

b) velocity. 

c) Reynolds number. 

B. HOTWIREl: 

Program to sample hot-wire voltage signals using a 
HP6944A high speed data acquisition system, 
user input: sampling frequency. 

program output: data file of instantaneous voltage values. 



C^-7 



C. HWCAL; 

Programs used to calculate calibration coefficients for 
hct-vire probes- The coefficients are used in the plotting 
progr aril ”0_SC0PE1 " - 

user input: a) arnbient temperature (^C). 

b) ambient pressure (millibars). 

c) orifice delta P in inches of water. 

d) measured hot-wire mean voltage with no flow. 

e) hot-wire mean voltage reading from a 
voltmeter (with flow). 

f) number of points. 

program output: a) EOC (calibration coefficient). 

b) B (calibration coef f icient ) . 



D. O^SCOPEl: 

Program which converts hot-wire instantaneous voltages to 
instantaneous velocit ies and plots velocity vs. time, 
user input: a) values of EOC and B (from HWCAL). 

b) time to begin plotting (point number). 

c) total time range to plot (point number 

determined from frequency of data 

acquisition ) . 

program output: velocity vs. time plot. 
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